Abstract Odontocete sounds are produced by two pairs of phonic lips situated in soft nares 24 below the blowhole; the right pair is larger and is more likely to produce clicks, while the left 25 pair is more likely to produce whistles. This has important implications for the cultural 26 evolution of delphinid sounds: the greater the physical constraints, the greater is the 27 probability of random convergence. In this paper we examine the call structure of eight killer 
I. INTRODUCTION

40
Understanding the physical basis of sound production is essential to categorize vocal signals 41 into natural categories. For the sounds of terrestrial mammals, the development of the source-42 filter theory has enabled researchers to describe the acoustic structure of sounds according to 43 their mode of production and to predict acoustic variation caused by variation in the (Bickford, 2006) .
48
Sounds of killer whales Orcinus orca have a complex structure (Ford, 1991; Yurk et al., 49 2002), but their categorization is hindered by the lack of understanding of their production 50 mechanisms. Odontocete sounds are not produced in the larynx, like in terrestrial mammals.
51
Instead, their source is situated in a complex system of air sacs and tissues that surround the 52 nasal passage (Norris, 1968; Cranford et al., 1996; Cranford and Amundin, 2003) . All toothed 53 whales (except sperm whales) have two pairs of phonic lips situated in each of the soft nares 54 on the ventral side of the vestibular air sacs, just below the blowhole; both pairs are used in 55 sound production (Cranford et al., 1996; Cranford and Amundin, 2003) .
56
Dolphin sounds were traditionally divided into three classes: clicks, burst-pulse sounds and 57 whistles. However, some species (e.g. killer whales, pilot whales Globicephala sp., false 58 killer whales Pseudorca crassidens) regularly produce calls intermediate in structure between 59 whistles and burst-pulse sounds, suggesting that these classes are not discrete, but rather the 60 two extremes of a perceptual continuum (Murray et al., 1998; Sayigh et al., 2013) . Indeed, 61 Madsen et al. (2012) showed that dolphin 'whistles' are in fact not air-born, but produced by (Cranford et al., 1996) . Madsen et al. (2013) examined the sound production of bottlenose 65 dolphin and false killer whale and showed that in both species clicks were produced by the 66 right pair while 'whistles' (tonal calls) were mostly produced by the left pair of the phonic lips.
67
This finding explains the long known observation that dolphins can simultaneously produce 68 clicks and 'whistles' (Murray et al., 1998) .
69
However, some delphinoids can simultaneously produce two tonal sounds, yielding 'two- 
78
This assumption has important implications for the cultural evolution of delphinid sounds. In happen by either horizontal transmission or random convergence (Filatova et al., 2013 
102
In vocal repertoires, a similar situation can be caused by constraints imposed on call structure 103 by the physical properties of the sound producing apparatus. Therefore, it is important to 104 understand these constraints to interpret the importance of call similarity: the stricter the 105 constraints, the higher the probability that calls can become similar at random. In this paper 106 we examine the call structure of eight killer whale populations to identify the scope of the 107 constraints and test whether they are consistent among all populations. 
II. METHODS
110
A. Data collection
111
Acoustic recordings used for this study were collected over various field projects using a 112 variety of equipment. All recordings were made at a sampling rate of 44.1 kHz or higher. gradual. Call types with a discrete variation are traditionally divided into a number of 139 subtypes according to their structural characteristics; call types with a gradual variation are 140 not divided into subtypes, and all variations are regarded as a single call type (Ford, 1991 For two-voiced (biphonic) calls, containing overlapping frequency components, we extracted 171 the contours of both the lower-and upper-frequency components.
172
In many two-voiced calls the start and end of the lower and upper components do not match, 173 so that a call can be partly two-voiced and partly single-voiced (Fig. 1) . Single-voiced 174 segments can consist of either lower or upper component (Fig. 1) . As we were interested in 175 constraints imposed by the structure of both pairs of phonic lips, we analysed two-voiced and 
III. RESULTS
9
To identify the scope of the constraints of the sound producing apparatus in killer whales, we The frequency of the lower component of two-voiced call segments had narrower range than 210 single-voiced calls and call segments in all populations (Fig. 4) . The 5% quantile of single- Research on sound production in odontocetes has been so far mostly focused on bottlenose clarify the structure of these sounds. In many cases, the terminology used to classify sounds 254 into categories is still poorly linked to sound production mechanisms, often due to a lack of 255 knowledge on the mechanisms involved in producing different types of sound. In the future, 256 advances in the understanding of delphinid sound production would benefit from 257 collaboration between morphologists and bioacousticians familiar with vocal repertoires.
258
The frequency of the lower component of two-voiced call segments had narrower range than (Ford, 1991) . Stereotyped whistles were reported in killer whales, but they were less common 332 than calls and not specific to a particular pod or clan (Riesch et al., 2006) . This suggests that 333 they have other communicative function than stereotyped calls, probably due to the 334 differences in their propagation range (Thomsen et al., 2002; Miller, 2006) .
335
Besides stereotyped calls and whistles, killer whale acoustic repertoire includes variable calls 336 that cannot be divided into discrete categories and so-called aberrant calls that represent 337 highly distorted stereotyped calls. Analyzing the structure of these calls as well as whistles 338 can provide important insights into sound production mechanisms in killer whales. 
363
This finding is particularly important for the understanding of the cultural evolution of killer 364 whale sounds. Physical constraints on call structure reduce the possible variation, so that calls 365 more often become similar by random convergence. Indeed, very similar calls were found in 366 different populations (Fig. 6 ). Since these populations are not in contact, and some of them 
